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DESCRIPTION 



ROTOR OF PERMANENT MAGNET ROTATING ELECTRIC MACHINE 



Technical Field 

The present invention relates to a rotor of a rotating 
electric machine employing permanent magnets, and more 
particularly to a magnet -embedded rotor in which magnets are 
embedded in a rotor core. 

Background Art 

In the prior art disclosed in JP-A-2002-44887 , a rotor 
is constructed by embedding Nd-Fe-B sintered magnets in a 
rotor core. The magnets are each in the form of a flat 
linear plate in a plan view and are arranged such that they 
are substantially inscribed in an outer circumference of the 
rotor so as to provide an almost polygonal shape. Further, 
the magnets are arranged over the whole circumf erential of 
the rotor, and magnetic poles are each constituted by a 
plurality of magnets grouped in the same number. 

In the prior art described above, however, because the 
magnets are regularly arranged over the whole circumference 
of the rotor core such that they are inscribed in an outer 
circumferential circle of the rotor core, the magnetic flux 
distribution is dispersed to a large extent, and a 
satisfactory magnetic flux distribution cannot be obtained. 
Also, the distortion factor of the induced electromotive 
force waveform is large and the fundamental wave effective 
value of the induced electromotive force is reduced, whereby 
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the efficiency of a rotating electric machine is 
deteriorated. Further, the cogging torque is enlarged and 
the startup current is increased when the rotating electric 
machine is operated as a motor. It is hence difficult to 
start the operation in a smooth way. In addition, because 
the permanent magnets are arranged over the whole 
circumference of the rotor, the number of magnets used is 
increased and the cost is pushed up. 

With the view of overcoming the disadvantages set forth 
above, it is an object of the present invention to provide a 
permanent magnet rotating electric machine which has high 
efficiency and high performance, and is inexpensive. 

Disclosure of the Invention 

To achieve the above object, according to the present 
invention, in a rotor including permanent magnets and 
disposed inside a stator provided with a plurality of 
armature windings, one magnetic pole is constituted by each 
group of three or more of the magnets, and a total angle 
occupied by the group of magnets constituting one magnetic 
pole is in the range of 150 to 165 degrees in terms of an 
electrical angle . Such an arrangement is effective in not 
only realizing a satisfactory magnetic flux distribution 
such that magnetic fluxes are more efficiently concentrated 
toward the magnetic pole center, but also Increasing the 
fundamental wave effective value of the induced 
electromotive force, whereby the efficiency of the rotating 
electric machine is improved. Further, since the magnets of 
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each group are arranged in layout more concentrated toward 
the magnetic pole center position, the amount of magnets 
used is reduced and therefore a permanent magnet rotating 
electric machine can be provided at a lower cost. 

Moreover, the magnet arranged on the magnetic pole end 
side is oriented to incline toward the magnetic pole center 
position. With this arrangement, since the distortion 
factor of the induced electromotive force waveform and the 
cogging torque are both reduced, a current value required 
for starting up rotation can be reduced and the rotation can 
be smoothly started up. Further, by setting an inclination 
angle of the magnet to be in the range of 2 to 6 degrees, 
the induced electromotive force can be effectively increased 
and therefore higher performance of the rotating electric 
machine can be realized. 

Preferably, slots in which the magnets are disposed are 
shaped such that slits are formed between adjacent two of 
the magnets. With this arrangement, the leakage magnetic 
flux generated between adjacent two of the magnets is 
reduced and the utilization efficiency of the magnets can be 
increased. Further, by sealing a magnet fixing material in 
the slits, reliability of the rotor can also be increased. 
Additionally, by using a magnet in the form of a simple flat 
plate, the magnet cost can be cut. 

Brief Description of the Drawings 

Fig. 1 is a sectional view showing the structure of one 
embodiment of a rotor of a permanent magnet rotating 
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electric machine according to the present invention; Fig. 2 
is a graph for explaining various characteristics of the 
rotating electric machine when a magnet occupying 

circumferential angle 91 is changed; Fig. 3 is a sectional 
view showing the structure of another embodiment of the 
rotor of the permanent magnet rotating electric machine 
according to the present invention; Fig. 4 is a graph for 
explaining various characteristics of the rotating electric 
machine when an angle 02 at which the magnet is inclined 
toward a magnetic pole center position is changed; Fig. 5 is 
an explanatory view of a rotor structure representing still 
another embodiment of the present invention; Fig. 6 is an 
explanatory view of a rotor structure representing still 
another embodiment of the present invention; Fig. 7 is a 
detailed view showing the layout of center positions of the 
magnets, which represents the embodiment of the present 
invention; Fig. 8 is a detailed view showing the layout of 
center positions of the magnets, which represents still 
another embodiment of the present invention; Fig. 9 is a 
graph showing examination results of centrifugal force 
resistance and various characteristics of the rotating 
electric machine when an outer peripheral wall thickness Dl 
of a rotor core is changed. 

Best Mode for Carrying Out the Invention 

Embodiments of a rotating electric machine according to 
the present invention will be described below with reference 
to the drawings in connection with the case of the rotating 
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electric machine having two poles . 

Fig. 1 shows the structure of a rotor of a permanent 
magnet rotating electric machine as one embodiment of the 
rotating electric machine according to the present invention. 
A rotor 1 comprises a rotor core 2, slots 3 in which magnets 
are disposed, N-pole permanent magnets 10 , S-pole permanent 
magnets 11, a rotary shaft 20, and a plurality of damper 
windings 4 circumf erentially disposed outside the magnets 10, 
11. The rotor core 2 is a cylindrical laminated core formed 
by laminating a plurality of thin iron sheets one above 
another, which are each punched in a predetermined shape. 

The N-pole permanent magnets 10 and the S-pole 
permanent magnets 11 are each a magnet generating magnetic 
flux <J>f and are grouped in unit of three magnets per 
magnetic pole. Those groups of magnets are disposed in 
slots 3 formed in the rotor core 2 near its outer 
circumferential surface so as to constitute two magnetic 
poles , and the slots 3 are arranged such that three slots 
receiving each group of magnets are relatively concentrated 
toward a magnetic pole center position. Assuming here that 
a total angle occupied by the group of magnets constituting 
one magnetic pole is a magnet occupying circumferential 
angle 01 in terms of an electrical angle, the inventors have 
found that various characteristics of the rotating electric 
machine can be remarkably improved by setting the magnet 
occupying circumferential angle 61 to a proper value. This 
point will be described below in more detail. 

Fig. 2 shows various characteristics of the rotating 
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electric machine, i.e., the no-load induced electromotive 
force, the distortion factor of the no-load induced 
electromotive force waveform, and the cogging torque, versus 

the magnet occupying circumferential angle 01 when the 
rotating electric machine is operated as a generator. In 
the prior art, as shown in Fig. 10, magnets prepared in 
groups each constituting one magnetic pole are regularly 

arranged, and the circumferential angle 91 occupied by the 
magnets per magnetic pole has a value close to 180 degrees. 
For comparison with the prior art. Fig. 2 shows examination 

results when the magnet occupying circumferential angle 01 
is set in the range of 135 to 175 degrees on an assumption 

that the magnet occupying circumferential angle 01 in the 
prior art is 175 degrees, and the examination results 
obtained while changing the magnet occupying circumferential 
angle 01 are plotted on the basis of the reference results 
obtained when the magnet occupying circumferential angle 01 
is 175 degrees. 

As seen from Fig. 2, the range of the magnet occupying 

circumferential angle 01 in which the no-load induced 
electromotive force closely related to efficiency of the 
permanent magnet rotating electric machine is larger than 
that in the prior art, and in which the distortion factor of 
the no-load induced electromotive force waveform playing as 
an important factor in the function of the generator and the 
cogging torque affecting vibration and noise of the rotating 
electric machine are both smaller than those in the prior 
art, is from 150 degrees to a value less than 175 degrees. 
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As also seen from Fig. 2, however, the distortion factor of 
the no-load induced electromotive force waveform and the 
cogging torque are abruptly increased when the magnet 
occupying circumferential angle 01 exceeds 165 degrees. 
When trying to suppress mechanical vibration and noise, 
therefore, it is appropriate to set an upper limit of the 

magnet occupying circumferential angle 91 to 165 degrees. 
For that reason, the present invention defines the range of 
150 to 165 degrees as an optimum range of the magnet 
occupying circumferential angle 01 . 

Fig. 3 shows the structure of a rotor 1 of a permanent 
magnet rotating electric machine, which represents another 
embodiment of the rotating electric machine according to the 
present invention. The rotor 1 comprises a rotor core 2, 
slots 3 in which magnets are disposed, N-pole permanent 
magnets 10 (10a, 10b and 10c), S-pole permanent magnets 11 
(11a, lib and 11c), a rotary shaft 20, and a plurality of 
damper windings 4 circumf erentially disposed outside the 
magnets 10, 11. The rotor core 2 is a cylindrical laminated 
core formed by laminating a plurality of thin iron sheets 
one above another, which are each punched in a predetermined 
shape . 

The N-pole permanent magnets 10 and the S-pole 
permanent magnets 11 are each a magnet generating magnetic 
flux Of and are grouped in unit of three magnets per 
magnetic pole. In these magnet groups, each of the magnets 
10a, 10c, 11a and 11c positioned on the respective magnetic 
pole end sides is arranged so as to incline toward the 
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magnetic pole center position. Assuming here, as shown in 
Fig. 3, that an angle at which the magnet is inclined toward 
the magnetic pole center position, i.e., an angle formed 
between the magnet and a line LI (= L2) tangential to a 
point Ps at which a straight line passing both the center of 
the rotary shaft and the center of the magnet crosses the 
outer circumferential surface of the rotor core 2 , is a 

magnet inclination angle 92, the inventors have found that 
various characteristics of the rotating electric machine can 
be remarkably improved by setting the magnet inclination 

angle 02 to a proper value. This point will be described 
below in more detail. 

Fig. 4 shows various characteristics of the rotating 
electric machine, i.e., the no-load induced electromotive 
force, the distortion factor of the no-load induced 
electromotive force waveform, and the cogging torque, versus 

the magnet inclination angle 02 when the rotating electric 
machine is operated as a generator. Taking into account 

that the magnet inclination angle 02 in the prior art is 0.0 
degree, examination results obtained while changing the 

magnet inclination angle 02 are plotted on the basis of the 
reference results obtained when the magnet inclination angle 
02 is 0.0 degree. Note that the sign of the magnet 
inclination angle is positive when the magnet is inclined 
toward the magnetic pole center position. 

As a result of examining the various characteristics 
with the magnet inclination angle 02 changed in the range of 
- 2.5 to 10.0 degrees, as seen from Fig. 4, the no-load 
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induced electromotive force is increased in the angle range 
of 0.0 degree < 82 < 10.0 degrees. Also, seen from Fig. 4, 
the distortion factor of the no-load induced electromotive 
force waveform and the cogging torque are both reduced over 
the whole examination range of - 2.5 to 10.0 degrees except 
for 0 degree. It is thus understood that when the magnet 
inclination angle 02 is in the range of 0.0 degree < 02 < 
10.0 degrees, conditions of providing a larger no-load 
induced electromotive force, a smaller distortion factor of 
the no-load induced electromotive force waveform, and a 
smaller cogging torque than those given as the reference 
characteristics obtained at the magnet inclination angle 02 
of 0.0 degree are all satisfied at the same time. In other 
words, by orienting the magnet arranged on the magnetic pole 
end side so as to slightly incline in the positive direction, 
the various characteristics of the rotating electric machine 
can be improved in comparison with the case of not inclining 
the magnet. Further, as seen from Fig. 4, the no-load 
induced electromotive force closely related to efficiency of 
the permanent magnet rotating electric machine is almost 

maximized when the magnet inclination angle 02 is set in the 
range of 2 to 6 degrees. In consideration of the above 
results, the present invention defines the range of 2.0 to 
6.0 degrees as an optimum range of the magnet inclination 
angle 02. 

Thus, when at least one of the magnet occupying 

circumferential angle 01 and the magnet inclination angle 02 
satisfies the condition of the angle range defined above in 
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this embodiment, the various characteristics of the rotating 
electric machine can be improved. Also, it is a matter of 
course that, by setting both the magnet occupying 
circumferential angle 91 and the magnet inclination angle 92 
so as to satisfy the respective angle ranges described above, 
the various characteristics of the rotating electric machine 
can be further improved as the result of a synergetic effect. 
Additionally, even when the damper windings 4 shown in Figs. 
1 and 3 are not disposed as shown in Fig. 5, the advantages 
of the present invention are ensured without being impaired. 
The case of Fig. 5 is further advantageous in that, because 
the production cost is reduced corresponding to elimination 
of the damper windings, the rotating electric machine can be 
manufactured at a lower cost. While Figs. 2 and 4 show the 
characteristics when the rotating electric machine is 
operated as a generator, the advantages of the present 
invention can also be achieved when the rotating electric 
machine is operated as a motor. More specifically, when the 
rotating electric machine is operated as a motor, the 
present invention is advantageous in reducing the startup 
current and vibration at startup because the cogging torque 
and the distortion factor of the induced electromotive force 
waveform are reduced. 

Fig. 6 is an explanatory view of a rotor structure 
representing still another embodiment of the present 
invention. In this embodiment, the slots 3 are shaped such 
that, when the magnets 10, 11 are disposed in the slots 3, 
slits 15 are formed between adjacent two of the magnets 10, 
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11. The slits 15 act to reduce the leakage magnetic flux 
generated between adjacent two of the magnets 10, 11 even if 
the slits 15 are filled with air (namely, even if they are 
left vacant), thus resulting in the advantage that the 
utilization efficiency of the magnets is increased. As an 
alternative, a magnetic fixing material, e.g., a resin or an 
adhesive, may be sealed in the slits 15 such that the 
magnetic fixing material infiltrates into gaps between the 
magnets 10, 11 and the rotor core 2. The sealing-in of the 
magnetic fixing material is effective in not only firmly 
fixing the magnets 10, 11 and the rotor core 2 together, 
thereby preventing deformation of the rotor core 2 and 
scatter of the magnets 10, 11, in particular, when the 
centrifugal force is increased due to high-speed rotation, 
but also in enhancing reliability of the rotor 1. Although 
the damper windings are not shown in Fig. 6, it is needless 
to say that the advantage of this embodiment can also be 
obtained when the damper windings are present . 

Fig. 7 shows, in more detail, the layout of center 
positions of the magnets described above. The center 
positions of the plurality of magnets constituting the 
magnetic pole are located on the circular arc, and the 
magnet arranged on the magnetic pole end side is inclined 
toward the magnetic pole center position. Therefore, an 
outer peripheral wall thickness Dl of the rotor core is 
reduced as the magnet inclination angle 02 increases. When 
the rotational speed is on the order of several thousands 
rotations, the centrifugal force imposed on the magnet is 
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relatively small. Thus, even if the outer peripheral wall 
thickness Dl of the rotor core is about 0.5 nun, the magnet 
is securely held fixed and there are no problems from the 
viewpoint of mechanical strength. At the rotational speed 
on the order of several ten thousands rotations, however, a 
large centrifugal force is imposed on the magnet, and hence 
the outer peripheral wall thickness Dl of the rotor core 
must be properly adjusted. The mechanical strength of an 
outer peripheral portion of the rotor adjacent to the magnet 
can be enhanced by arranging the magnet in a position 
radially more inward of the rotor. Just by arranging the 
magnet in a position radially more inward of the rotor, 
however, the magnetic flux leaking to an core portion 
adjacent to the magnet is increased and the characteristics 
of the rotating electric machine are deteriorated. In other 
words, the outer peripheral wall thickness Dl of the rotor 
core has a proper value from the viewpoints of enhancing the 
mechanical strength and avoiding deterioration in the 
characteristics of the rotating electric machine. A 
description is now made of the magnet layout in the rotor 
which is effective in enhancing the mechanical strength 
without hardly deteriorating the characteristics of the 
rotating electric machine, and of examination results of the 
outer peripheral wall thickness Dl of the rotor core. 

Fig. 8 is an explanatory view of a rotor structure 
which represents still another embodiment of the present 
invention. In this embodiment, the magnet arranged on the 
magnetic pole end side is shifted radially inward of the 
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rotor so that the rotor is endurable against the centrifugal 
force even at the rotational speed on the order of several 
ten thousands rotations, while keeping the magnet occupying 
circumferential angle 01 and the magnet inclination angle 92 
within the respective setting ranges. Stated another way, 
the plurality of magnets are arranged in the rotor core such 
that a circular arc passing the centers of the magnets 
arranged on the magnetic pole end sides has a smaller 
diameter than a circular arc passing the centers of the 
magnets arranged on the magnetic pole center sides . 

Fig. 9 shows examination results of centrifugal force 
resistance and various characteristics of the rotating 
electric machine when the outer peripheral wall thickness Dl 
of the rotor core is changed. Increasing the outer 
peripheral wall thickness Dl of the rotor core means that 
the circular arc, shown in Fig. 8, passing the centers of 
the magnets arranged on the magnetic pole end sides is set 
to be even smaller diameter than the circular arc passing 
the centers of the magnets arranged on the magnetic pole 
center sides. For comparison, the examination results of 
the various characteristics are plotted for the outer 
peripheral wall thickness Dl of the rotor core in the range 
of 0.25 to 1.75 mm on the basis of the reference results 
obtained when the outer peripheral wall thickness Dl is 0.25 
mm . 

As seen from Fig. 9, the centrifugal force resistance 
is increased as the outer peripheral wall thickness Dl of 
the rotor core increases. The no-load induced electromotive 
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force is constant for the outer peripheral wall thickness Dl 
of the rotor core in the range of 0.25 to 1.0 mm, but it 
abruptly decreases when the outer peripheral wall thickness 
Dl exceeds 1.0 mm. The distortion factor of the no-load 
induced electromotive force is substantially constant for 
the outer peripheral wall thickness Dl of the rotor core in 
the range of 0.25 to 1.0 mm, but it has a tendency to 
increase when the outer peripheral wall thickness Dl exceeds 
1.0 mm. Further, the cogging torque has a tendency to 
increase as the outer peripheral wall thickness Dl of the 
rotor core increases . Taking into account factors 
deteriorating the centrifugal force resistance, such as the 
manufacturing error and the repeated stress, it is here 
assumed that the centrifugal force resistance should be 1.4 
times the centrifugal force in consideration of the safety 
factor. Based on those examination results, the outer 
peripheral wall thickness Dl of the rotor core is set to 1.0 
mm at which satisfactory characteristics of the rotating 
electric machine and a sufficient level of the centrifugal 
force resistance can be obtained. 

The above embodiments of the present invention have 
been described, by way of example, in connection with the 
case using the magnet in the form of a simple flat plate. 
The use of the magnet in the form of a simple flat plate is 
advantageous in reducing the machining cost and the material 
cost of the magnet as compared with the case using an arc- 
shaped magnet because the simple flat magnet is easier to 
machine for manufacturing thereof and the utilization factor 
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of parent material (i.e., yield) is increased in the magnet 
manufacturing process. 

Industrial Applicability 

According to the present invention, a permanent magnet 
rotating electric machine having high performance and high 
efficiency and being inexpensive can be provided. 
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